The root endophytic fungus Heteroconium chaetospira was isolated from roots of Chinese cabbage grown in field soil in Japan. This fungus penetrates through the outer epidermal cells of its host, passes into the inner cortex, and grows throughout the cortical cells, including those of the root tip region, without causing apparent pathogenic symptoms. There are no ultrastructural signs of host resistance responses. H. chaetospira has been recovered from 19 plant species in which there was no disruption of host growth. H. chaetospira has a symbiotic association with Chinese cabbage. The fungus provides nitrogen in exchange for carbon. These associations are beneficial for the inoculated plants, as demonstrated by increased growth rate. When used as a preinoculum, H. chaetospira suppresses the incidence of clubroot and Verticillium yellows when the test plant is post-inoculated with the causal agents of these diseases. H. chaetospira is an effective biocontrol agent against clubroot in Chinese cabbage at a low to moderate soil moisture range and a pathogen resting spore density of 10 5 resting spores per gram of soil in situ. Disease caused by Pseudomonas syringae pv. macricola and Alternaria brassicae on leaves can be suppressed by treatment with H. chaetospira. The fungus persists in the roots and induces systemic resistance to the foliar disease.
Introduction
Rhizoplane (epiphytic), endophytic, or mycorrhizal fungi are clearly superior to external rhizospheres or soil fungi in their ability to colonize roots. Plant diseases caused by soil-borne fungi are usually affected by the formation of mycorrhizas, which effectively inhibit the development of pathogens and reduce the incidence of disease [1] [2] [3] . Although most plant species, including a large number of crops, can develop mycorrhizas, Cruciferae is an exceptional plant family, with few or no mycorrhizas [4] . In some species of Cruciferae, however, the presence of an endophytic dark septate fungus (DSE) has been reported, suggesting a functional relationship between the fungus and plants that is mutualistic rather than parasitic [5] .
Dark septate endophytes, a diverse group of conidial or sterile ascomycetous fungi, have been found in approximately 600 plant species, representing 320 genera and 114 families [6] . For example, 80% of angiosperms, 100% of the gymnosperms, and 70% of pteriophytes are potentially mycorrhizal among the British flora [7] . The dematiaceous hyphomycete Heteroconium chaetospira (Grove) M.B. Ellis, which has been isolated from the millipede droppings [8] , and arable soil [9] , was recently isolated from Chinese cabbage roots [10] . This dematiaceous fungus colonizes the inner cortical tissue of Chinese cabbage roots without causing any apparent pathogenic symptoms or forming any mycorrhizal structures [10] [11] [12] , and is suggested to be a DSE complex [13] .
Generally, microorganisms that are able to colonize the rhizosphere and then enter, survive, and/or proliferate endophytically can be efficient biocontrol agents [14] . H. chaetospira penetrates the outer epidermal cells of its host, passes into the inner cortex, and grows throughout the cortical cells, including those in the tip. In this protected endophytic environment, H. chaetospira can grow or persist for several months and is relatively independent of microbial interactions outside the roots. Therefore, H. chaetospira might be an efficient biocontrol agent. In fact, H. chaetospira, when growing as a root endophyte, inhibits the development of clubroot and Verticillium yellows in a field setting [10, 11, 15] . Moreover, colonization of roots by H. chaetospira induces systemic resistance in Chinese cabbage and reduces the incidence of bacterial leaf spot and Alternaria leaf spot [16] .
The objective of this review is to report the development and endophytic nature of H. chaetospira. Here we summarize the current understanding of the interaction between H. chaetospira and host plants. The features of H. chaetospira as a biological control agent are also addressed to demonstrate the effectiveness of the fungus against soil-borne diseases such as clubroot in Chinese cabbage.
2. Interaction between Heteroconium chaetospira and host plant 2.1. Anatomic study of the infection process and subsequent development of H. chaetospira Chinese cabbage seedlings inoculated with H. chaetospira are morphologically healthy and have no external symptoms of disease [10, 11] . In addition, Chinese cabbage seedlings inoculated with H. chaetospira in a nursery setting have dry weights approximately four times those of uninoculated controls [11] . Also, experiments with some morphologically similar DSE fungi in the roots of plants revealed positive effects on the growth of host plants [6] .
At three weeks after inoculation with H. chaetospira, hyphae are abundant in the epidermis and outer cortical layer of the host plant, but there are few in the inner cortical layer, and none in the vascular cylinder. At eight weeks after inoculation, hyphae are numerous in the epidermis and cortical layers and some hyphae have irregular lobes or microsclerotia on and in the host cells, but there are no structures indicative of a typical mycorrhizal symbiosis. Masses of closely packed fungal cells are formed in most cells of the epidermis and cortical layers, but hyphal penetration into the vascular cylinder is not observed.
The above anatomic observations indicate that intracellular hyphae of H. chaetospira do not reach the vascular cylinder, thus root vascular cylinders remain intact. This might explain why H. chaetospira does not cause wilting or disease of the inoculated host plants. Alternatively, in other host plant-fungal endophyte interactions, such as Phialocephala fortinii, there is occasional penetration of the vascular tissue of host roots [17, 18] , which can have a detrimental effect on the host plant depending on growth conditions [6] .
Scanning electron microscopy ( Fig. 1) revealed that H. chaetospira hyphae are abundant inside the root epidermal and cortical cells three weeks after inoculation. Some appressorium-like swollen structures occur in the epidermal and cortical cells. There is no visible degradation of the host cell walls where hyphae contact the cell wall [12] . Transmission electron microscopy revealed that narrow infection hyphae penetrate the adjacent cortical cell walls. There are no ultrastructural signs of host resistance responses to the hyphal ingress, and the penetrated host cells appear almost empty. Similarly, the cytoplasm within most of the epidermal and cortical cells of control plants does not remain intact. There is no invagination of the host plasma membrane around the penetrating and intracellular hyphae [12] , but fibrillar elements are distributed around the intracellular hyphae. In association between mycorrhizal fungi and host plants, it is common to observe a perifungal membrane across which nutrient transfer occurs [19] . In the case of DSE fungi, only a P. fortinii -host plant association has been reported, which is not biotrophic because of the lack of a perifungal membrane [17] . In spite of the obvious beneficial effects on the host and the endophytic nature of H. chaetospira in its roots, there are no structures indicative of a conventional mycorrhizal symbiosis. The Brassicaceae is an exceptional family of angiosperms because most species are non-mycorrhizal [4] , and H. chaetospira is not thought to be a typical mycorrhizal fungus based on its morphologic characteristics in host cells.
Host ranges and ecologic behavior of H. chaetospira
Mycorrhizal fungi associate with many plant species and benefit their host plants. H. chaetospira has been recovered from 19 plant species, including Brassicaceae, Solanaceae, Cucurbitaceae, Umbelliferae, Asteraceae, Malvaceae, Liliaceae and Labiatae, without disrupting host growth. The frequency of re-isolation varies, depending on plant species, and is very low in Liliaceae. H. chaetospira might have a wide host range [10, 11] .
This lack of specificity is not unique to H. chaetospira. Other root endophytic fungi also have grown in a wide range of hosts [20, 21] .
Recently, H. chaetospira was isolated from the organic layer of soil in subalpine forests in western Canada where there is an abundance of ericaceous plants [22] . Ericaceous plants have unique, fine ''hair roots'' that consist of one to three epidermal cell layers surrounding a vascular cylinder. These cells can harbor diverse flora of fungal endophytes, including ericoid mycorrhizal fungi. Non-micorrhizal associations are also found in the roots. For example, the most popular DSE fungus, P. fortinii, produces microsclerotia structures on and in the root [23, 24] , and some fungal taxa, such as sterile mycelia, infect and develop loose hyphal coils in the epidermal cells without developing mycorrhizal structures [25] . The fungal hyphae of H. chaetospira grow over the root surfaces of the ericaceous plant and occasionally appressorium-like structures are found at the hyphal tips. From these structures, narrow infection hyphae penetrate the epidermal cells and the penetration hyphae produce hyphal coils where the hyphae accumulate within host epidermal cells. These findings suggest that hyphae of H. chaetospira develop and form structures resembling ericoid mycorrhizas. The hyphal coils of H. chaetospira within host epidermal cells are morphologically identical with typical mycorrhizal structures formed by Oidiodendron maius [26] .
H. chaetospira can occur in the roots of apparently healthy plants as either DSE or ericoid mycorrhizal fungi, depending on the host plant species. The fungus and its association with host roots is circumboreal in distribution; however, it might also be particularly abundant in acidic, nutrient-poor, humus soil habitats.
Symbiotic association between H. chaetospira and its host plant
The mycorrhizal symbiosis between plants and fungi is universal, and most plant species are dependent on this symbiosis, including many economically important forest trees and crops [19] . The fungal symbiont aids the growth of the plant partner by improving nutrient uptake, while the fungal partner is dependent on the carbohydrates provided by the plant [19] . Among plant species, however, members of the Cruciferae, which include major commercial crops such as Chinese cabbage, broccoli, and rapeseed, are non-mycorrhizal plants, and no other types of fungal symbionts are found in these plant species [4, 27] .
Chinese cabbage seedlings inoculated with H. chaetospira in a nursery setting have dry weights approximately four times the weight of uninoculated controls [10, 11] . Thus, the relationship between Chinese cabbage and H. chaetospira is assumed to be a commensal symbiosis, i.e., at least the host derives benefit from the association. Commercial horticultural soils containing excess nutrients, however, are not suitable for the growth of the fungal endophyte in Chinese cabbage seedling [28] . These results indicate that in soils with excess nutrient levels, formation of the association between the DSE fungus and host plants is suppressed.
An inoculation test with a hydrophobic membrane compartment system can be used to examine the amino acid transfer from the fungus to the host plant. The top compartment is filled with autoclaved basal medium without a nitrogen source. The bottom compartment contains the basal medium with nitrogen (NaNO 3 or Valin). Control plants (without H. chaetospira) do not grow, even in the presence of both sources of nitrogen, which indicates that nitrogen is not transported from the bottom to the top compartment via the fungal mycelium. In contrast, H. chaetospira-treated plants do grow, particularly Valin-treated plants inoculated with the fungus. The dry weight of the plants is approximately 5-fold higher than that of NO 3 -treated plants. Thus, H. chaetospira provide nitrogen to the plants rather than mineralizing available organic nitrogen [29] . A similar transfer is observed in ericoid and ectomycorrhizal symbioses [30] [31] [32] [33] [34] [35] [36] . If there is sufficient carbon in the soil, H. chaetospira is a facultative saprobe or biotroph, rather than an endophyte. Under high soil-carbon conditions, the fungus infrequently forms irregularly lobed hyphae or microsclerotia in root cortical cells of host roots [13] and sometimes even has negative effects on plant growth [28] . H. chaetospira needs access to alternative carbon sources if soil carbon concentrations are not sufficient for optimal growth. Under these conditions, hyphae of the fungus endophytically colonize and produce hyphal coils where the hyphae accumulate within the host root cells. The fungus might acquire carbon from host plants. In addition, carbohydrate transfer from Chinese cabbage to H. chaetospira under these conditions was confirmed using 13 CO 2 -labeling experiments. These results suggest that 13 C-labeled photosynthates, such as sucrose, are transported from the plant foliage to the roots, transferred to fungal cells via plant-fungus interfaces, and ultimately converted and stored as mannitol in fungal cells [29] . These carbohydrate transfers might be similar to those observed in classical mycorrhizal symbioses [27] .
This report [29] was the first of a fungal endophyte, H. chaetospira, forming a symbiotic association with Chinese cabbage, a major commercial crop. The fungus provides nitrogen to the crop in exchange for carbon. These associations are beneficial for increased growth rates in inoculated plants.
The development of H. chaetospira as a new biocontrol agent

Biological control of clubroot in Chinese cabbage by H. chaetospira
In common, endophytic fungi are known to induce strong antagonistic responses in host plants [37] and the phenomenon can be applied to provide resistance to different species of plants and pathogens [18, 22] . Narisawa et al. [11] reported that, when used as a preinoculum, H. chaetospira suppresses the incidence of clubroot and Verticillium yellows when test plants are post-inoculated with the causal agents of these diseases. Previously reported biocontrol microorganisms, including soil fungi and bacteria, are affected by a suite of competitive interactions with other microorganisms of the rhizosphere community. Thus, measurements of persistence and effectiveness are problematic, if not impossible. H. chaetospira, however, penetrates the outer epidermal cells of its host, passes into the inner cortex, and grows throughout the cortical cells, including those of the root-tip region. In this protected endophytic environment, H. chaetospira can grow and persist for long periods and might be less affected by microbial interactions outside the root than other biocontrol agents. In fact, when Chinese cabbage seedlings preinoculated with H. chaetospira were transplanted to the field, there was a 52-97% reduction in clubroot compared with uninoculated controls [11] . These findings indicate that H. chaetospira might be a potential biocontrol agent for clubroot.
In most plants treated with H. chaetospira that did not suppress the clubroot, no hyphae were detected in the roots, although plasmodia and resting spores Plasmodiphora brassicae were constantly observed [10] . In addition, commercial horticultural soils, which contain excess nutrients, retard the growth of the fungal endophyte in Chinese cabbage seedlings [28] . Therefore, appropriate growth conditions in plant nursery settings, including suitable nutrient and carbon concentrations, were developed to ensure the formation of the symbiotic association between the fungus and the host plant. The highest frequencies of colonization (75%) occur when peat moss containing 0.1% glucose is used as the nursery soil. Under these conditions, fungal hyphae develop well intracellularly in root cortical cells, and none of the inoculated plants have any typical pathogenic symptoms, thereby achieving marketable qualities (Fig. 2 ) [28] . In contrast, under high glucose conditions, fungal colonization is restricted mostly to the intercellular regions of epidermal or cortical root tissues.
Basic environmental conditions, including temperature, moisture, sunlight, and soil physical and chemical characteristics, can greatly affect the physiology of the host plant and subsequent disease development, as well as alter interactions among the plant, pathogen, and biocontrol agents in various ways [38] . To control clubroot, it is essential to determine how the biocontrol agent is affected by changing environmental conditions, particularly soil moisture and pH, as well as by the density of the resting spores of the pathogen in the soil. H. chaetospira is an effective biocontrol agent against clubroot in Chinese cabbage at a low to moderate soil moisture range and a pathogen resting spore density of 10 5 (or lower) resting spores per gram of soil in situ. In fact, when the pathogen spore density is estimated in some commercially cultivated infested fields, it is generally less than 10 5 spores per gram of soil. Therefore, a spore density of less than 10 5 spores per gram of soil appears to be representative of most commercial fields [15] . To succeed in the biocontrol of clubroot, the density of resting spores must be estimated prior to transplanting H. chaetospira-treated plants. In addition, the suppressive effect of H. chaetospira will increase if crop plants are grown with suitable drainage.
Induced systemic resistance in Chinese cabbage using H. chaetospira
Disease caused by Pseudomonas syringae pv. macricola and Alternaria brassicae on leaves can be suppressed in terms of both lesion number and disease rate by treatment with an H. chaetospira isolate. Based on a study [16] in which roots were treated with an isolate of H. chaetospira, and the pathogens were challenge-inoculated on leaves, suppression of disease appears to by systemically induced (Fig. 3) . H. chaetospira colonize Chinese cabbage, but essentially do not migrate into the foliage of the plants after inoculation into the roots [10] [11] [12] . This indicates that the fungus persists in the roots and induces systemic resistance to foliar disease.
RNA transcript levels of Chinese cabbage plants, infected by H. chaetospira, and axenic controls were compared using cDNA microarrays representing approximately 4282 genes [39] . A. brassicae inoculation did not significantly induce the expression of genes for a chorismate mutase and a phenylalanine ammonia lyase 1, while it did induce the expression of genes encoding an anthranilate synthase and a tryptophan synthase. Therefore, resistance to A. brassicae seems to require camalexin synthesis [40] . In addition, levels of antioxidant enzymes, including glutathione-S-transferase (GST) and, superoxide dismutase, and mitogen-activated protein kinase 3, increase greatly in response to A. brassicae infection [40] . To further understand the molecular basis of the endophyte-host plant interactions, the function of each gene identified using cDNA microarrays must be analyzed. 
